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Thermal production of charm quarks in heavy ion collisions at Future Circular
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By solving the rate equation in an expanding quark-gluon plasma, we study thermal production
of charm quarks in central Pb+Pb collisions at the Future Circular Collider. With the charm quark
production cross section taken from the perturbative QCD at the next-to-leading order, we find that
charm quark production from the quark-gluon plasma can be appreciable compared to that due to
initial hard scattering between colliding nucleons.
PACS numbers: 25.75.-q, 25.75.Cj, 12.38.Mh
It is now widely accepted that a quark-gluon plasma
(QGP) is produced in heavy ion collisions at the Rela-
tivistic Heavy Ion Collider (RHIC) and the Large Hadron
Collider (LHC). Among the many signals for the QGP
is the suppressed production of quarkonia as a result of
color screening and dissociation in the produced QGP [1].
Although regeneration of quarkonia from QGP is possi-
ble [2–4], its contribution is not particularly important
as the number of heavy quarks is small, especially at the
RHIC energy, and they are mainly produced in the pri-
mordial scattering of colliding nucleons instead of from
the QGP due to their large masses. However, with in-
creasing collision energy, thermal production of charm
quarks becomes possible at LHC, although the effect
is not large [5–8]. With the Future Circular Collider
(FCC) that is being discussed for Pb+Pb collisions at√
sNN = 39 TeV, it becomes of interest to know if the or-
der of magnitude higher collision energy than currently
available at LHC would lead to a substantial thermal pro-
duction of charm quarks in these collisions. In this short
report, we calculate the thermal charm yield in heavy
ion collisions at FCC energy based on a boost invariant
expanding QGP and a kinetic equation for charm quark
production using the charm production cross section from
the pQCD at the next-to-leading order [7, 9].
The kinetic equation for charm quark production in a
QGP can be written as [7]
∂µ(ρcu
µ) = R
[
1−
(
ρc
ρeqc
)2]
, (1)
where ρc, u
µ and R are, respectively, the local number
density of charm quarks, the local 4-velocity, and the
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thermal production rate of charm quarks, and
ρeqc = Ndeg
∫
dp
(2π)3
1
eE/T + 1
(2)
≈ Ndeg
∫
dp
(2π)3
e−
√
p2+m2
c
/T (3)
is the equilibrium density of charm quarks, with the
charm quark mass mc = 1.3 GeV and the number of
degree of freedom Ndeg = 6. Because the charm quark
production rate R is negligible at low temperature [7, 9]
as observed in heavy ion collisions at RHIC [10], ther-
mal production is important only at the early stage of
the produced QGP when the longitudinal expansion is
dominant. Therefore, we assume boost invariance and
neglect the transverse expansion of the QGP by taking
uµ = (cosh y, 0, 0, sinhy) with y = arctanh(z/t) being
the rapidity. Eq. (1) can then be simplified to
∂τσc = τR
[
1−
(
σc
σeqc
)2]
, (4)
where we have introduced the area density σc ≡
dNc/(dydxT ) = τρc of charm quarks, which would be
constant if there were no thermal production or annihi-
lation. Here τ =
√
t2 − z2 and xT are the proper time
and tranverse coordinates, respectively. In the above,
both the thermal production rate R and the equilibrium
area density σeqc depends on the local temperature T of
the QGP.
For the thermal charm quark production rate, we take
it from Ref. [7] based on the charm quark production
cross sections from the next-to-leading-order QCD calcu-
lation given in Refs. [9, 11–13] and using thermal masses
mq = gT/
√
6 and mg = gT/
√
2 for quarks and gluons,
respectively. Specifically, it includes charm quark pro-
duction from the leading-order processes q + q¯ → +c+ c¯
and g + g → c + c¯ as well as the next-order processes
q + q¯ → c + c¯ + g and g + g → c + c¯ + g and the inter-
ferences between the leading-order processes with their
virtual corrections due to vertex corrections and self en-
ergy insertions. The processes g + q → c + c¯ + q and
2g + q¯ → c + c¯ + q¯ are, however, neglected due to their
smaller cross sections. To facilitate our calculations, we
parameterize the thermal charm quark production rate
shown in Fig.3 of Ref. [7] as
log10R =
5∑
n=0
anT
n (5)
with a0 = −18.2327, a1 = 110.9367, a2 = −319.9090,
a3 = 506.6754, a4 = −413.4846, and a5 = 136.0222,
where T is in GeV and R is in c/fm4.
Since only the longitudinal expansion is considered,
the time evolution of the QGP can be approximately de-
scribed by entropy conservation
s(xT , τ) =
τr
τ
s(xT , τr), (6)
where s is the local entropy density and is assumed to be
known at some given time τr. Because of the large colli-
sion energy at FCC, we further assume that the entropy
density is proportional to the number of binary collisions
ncoll(xT ) = σ
in
ppTA(xT )TB(xT ) between the two colliding
nuclei, where σinpp is the proton-proton inelastic cross sec-
tion and TA (TB) is the thickness function of nucleus A
(B). Therefore, Eq.(6) can be rewritten as
s(xT , τ) =
τrTA(xT )TB(xT )
τTA(0)TB(0)
s(0, τr) (7)
in terms of the entropy density in the center of the QGP
at time τr.
Through the equation of state of produced hot dense
matter, s(xT , τr) is related to the energy density ǫ(xT , τr)
and can be determined from the transverse energy
dET /dy via ∫
dxT ǫ(s(xT , τr)) =
1
τr
dET
dy
. (8)
According to Ref. [14], the energy dependence of the
transverse energy measured in heavy ion collisions can be
parametrized as
dET
dη
= A
(√
sNN√
s0NN
)0.4
Npart
2
, (9)
with A = 0.46 GeV and
√
s0NN = 1 GeV. The num-
ber of participants, Npart, in above equation can be ob-
tained from the p + p inelastic cross section using the
parametrization [15]
σinpp(
√
s) = σ0 ln
√
s√
s0
, (10)
with σ0 = 8.2 mb and
√
s0 = 1.436 GeV. With an in-
elastic cross section σinpp = 84 mb at 39 TeV, we have
Npart = 408.5 for central Pb+Pb collisions at same en-
ergy, resulting in a transverse energy dET /dy = 6447
GeV if we take τr = 5 fm.
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FIG. 1: Time evolution of local temperature T at xT = 0.
Taking the equation of state as an ideal gas of quarks
and gluons with masses mu = md = mg = 0 and
ms = 150 MeV for the QGP and a resonance gas of
hadrons with masses below 2 GeV as well as including a
bag constant, which leads to a first order phase transi-
tion at Tc = 165 MeV, we have determined the energy
density and temperature of the produced medium. In
Fig. 1, we show the time evolution of the local tempera-
ture at xT = 0. It is seen that the temperature is initially
about 935 MeV but drops fast at the beginning due to
the strong longitudinal expansion and becomes less than
400 MeV after τ = 2.6 fm/c. As shown in Fig. 2, the
production rate τR also decreases fast with time and is
only important during the early stage of the the expand-
ing QGP. The ratio ρc/ρ
eq
c at xT = 0 is found to increase
with time but never exceed 0.42 at τ < 2.6 fm, indicating
that charm quark annihilation is far less important than
charm production in the QGP.
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FIG. 2: Time evolution of τR at xT = 0.
For the initial charm quark density σc(τ0), it is esti-
mated by the Glauber model, i.e.,
σc(xT , τ0) = TA(xT )TB(xT )dσ
cc¯
pp/dy, (11)
where σcc¯pp is the charm quark production cross section
3in p + p collisions. From the charm quark production
cross section measured in p+p collisions at
√
sNN = 2.76
TeV, i.e., dσcc¯pp/dy = 0.62 mb [16], we extrapolate it to√
sNN = 39 TeV by running PYTHIA [17, 18] at both
energies and obtain the cross section dσcc¯pp/dy = 1.57 mb
at
√
s = 39 TeV, which leads to the initial quark number
dNc/dy = 48 from primordial collisions.
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FIG. 3: Time evolution of the number of charm quarks with
different initial time τ0.
The final yield of charm quarks obtained from solving
Eq. (4) depends on the time τ0 when the production of
charm quarks starts. It should neither be much smaller
than the formation time of charm quark 1/mc ∼ 0.2 fm/c
nor be much larger than the formation time of QGP. In
Fig. 3, results from using τ0 = 0.2, 0.4, and 0.6 fm/c are
shown. It is seen that this leads to a relative enhancement
that varies from 21% to 45% and is thus not negligible.
The results of a similar calculation for
√
sNN = 5.5 TeV
is from 6% to 16%.
In summary, we have studied charm quark production
from the QGP produced in heavy ion collisions at 39 TeV
in future FCC. Using the charm production cross section
in quark-anti-quark and quark (anti-quark)-gluon scat-
tering calculated in the next-to-leading order in QCD
and assuming that the produced QGP expands boot in-
variantly, we have found that charm production from the
QGP is not negligible. Depending the formation time
of the QGP, its contribution can be near to 50% for a
formation time of τ0 = 0.2 fm/c. Such an enhanced pro-
duction of charm quarks than that produced from initial
hard scattering is expected to have a significant effect on
charmonium production in heavy ion collisions at such
an energy [19]. Work is in progress to study the effect
of thermal charm production on the nuclear modification
factors for both charm quarks and the charmonia.
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